ABSTRACT. A new class of angiostatic steroids acts independently of previously identified steroid functions to inhibit angiogenesis when administered with heparin. Development of angiostatic steroids as therapeutic modulators of blood vessel growth would be greatly facilitated if their mode of action were thoroughly understood. However, the mechanism by which these steroids produce capillary regression is not known. The distributions of Elbronectin and laminin were studied in growing and regressing capillaries by immunofluorescence microscopy to determine whether capillary basement membrane (BM) alterations could be involved in the mechanism of antiangiogenesis. In normal 8-day-old chick chorioallantoic membrane, fibronectin and laminin appeared in continuous linear patterns within BM surrounding growing capillaries. In contrast, chorioallantoic membranes treated with combinations of angiostatic steroid and heparin exhibited capillary BM fragmentation and eventually complete loss of fibronectin and laminin from regions of capillary involution. Capillary BM breakdown correlated with capillary retraction, endothelial cell rounding, and associated capillary regression. BM surrounding large vessels, neighboring epithelium, and nongrowing capillaries were not affected. Capillary BM dissolution is the first biochemical action identified for this new class of antiangiogenic steroids. (Endocrinology 119: [1768][1769][1770][1771][1772][1773][1774][1775]1986) W E HAVE recently described a new class of angiostatic steroids that inhibit angiogenesis when administered with heparin (1). Angiostatic steroids may provide a potent means of therapeutic intervention in diseases such as cancer which depend on continued neovascularization for their progression. However, these antiangiogenic molecules act independently of previously identified steroid functions and include physiological steroid metabolites such as the tetrahydrocortisols, which have been commonly regarded as biologically inactive. Thus, the mechanism by which angiostatic steroids produce capillary regression is completely unknown.
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The present investigation was carried out to test our hypothesis that alterations in basement membrane (BM) turnover may be central to the mechanism by which angiostatic steroids produce capillary regression. BM is a specialized complex of collagenous and noncollagenous macromolecules [e.g. fibronectin (FN), laminin (LM), heparan sulfate proteoglycan, and types IV and V collagens] that serves as an in vivo foundation for epithelial and endothelial cell anchorage. The presence of an intact BM is required for maintenance of stable tissue architecture (2-4), and directed alterations in its turnover facilitate local changes in epithelial form during morphogenesis (5). BM may also be involved in physiological regression of epithelial tissues, since loss of BM is observed during degeneration of Mullerian duct (6), and inhibition of BM deposition during mammary development results in involution of the gland (7).
We now report that angiostatic steroid-heparin combinations induce capillary BM dissolution and endothelial cell rounding as part of their antiangiogenic action.
Materials and Methods

Experimental system
The chick chorioallantoic membrane (CAM) serves as the major site of gas exchange during normal chick embryogenesis. It is comprised of ectoderm, endoderm, and an interposed vascular mesoderm, which grows extensively during development. The use of sustained release implants (e.g. methylcellulose) for application of test compounds on this exposed growing 
2,). Loss of all capillaries was observed in the most
Morphological studies
India ink was injected directly into the vascular system of living embryos before fixation using a 33-gauge needle (Hamilton; Reno, NV) to delineate more clearly the limits of the capillary network. The surface of each embryo was covered with formalin, and then the CAM was removed and immetfiately immersed into additional formalin. Low magnification images of normal and avascular zones were recorded on Technical Pan film (Eastman Kodak, Rochester, NY) using a Zeiss photomicroscope (Carl Zeiss, Inc., New York, NY). For histological studies, regions of fixed CAM directly beneath methylcellulose disks were excised and embedded in paraffin. Paraffin central part of the zones. Large vessels that remained intact appeared abnormally in direct apposition to ectoderm, occasionally in association with merging of the ectodermal and endodermal layers (Fig. 2c ). In contrast to previous studies on vascular regression induced by removal of angiogenic stimuli (1 O), blood stasis, platelet aggregation, monocyte accumulation, and recruitment of macrophages were not observed. These findings, for the first time, also clarified that combinations of angiostatic steroids and heparin effected true capillary regression rather than simple vascular constriction and cessation of blood flow. Nonangiostatic steroids, such as pregnensections were cut e n face and stained with hematoxylin and olone, had no effect either alone or in the presence of eosin to best display the anatomy of the planar chick CAM.
heparin.
Indirect immunofluorescence localizations of FN and IIM were carried out using affinity-purified rabbit antibodies, as previously described (8). Primary rabbit antibodies were visualized using rhodaminated goat antirabbit immunoglobulins (Cooper, Malvern, PA). RM antigens were localized within paraffin sections (9) or within frozen semithin (0.5 pm) crosssections cut at -70 C on a Reichert ultracryomicrotome (Ultracut E, Merrimack, NH) as previously described (4). Similar results were obtained with specimens that were not injected with India ink. Controls, using normal rabbit serum as a primary antibody or rhodaminated secondary antibody alone, were also consistently negative. Images were recorded on Tri-X Pan film (Kodak).
Results
Light microscopy
Immunofluorescence microscopy
The distributions of two endothelial BM components, FN and LM, were studied in growing and regressing capillaries to identify angiostatic steroid-induced alterations in RM integrity. The effects of steroid and heparin on capillary form and structure were best visualized within e n face paraffin sections in which relatively large areas of the subectodermal region of the planar CAM were exposed (Figs. 3 and 4) . In low magnification views of parafin sections through the subectodermal region of normal 8-day-old CAM, FN appeared in continuous linear forms that outlined both large vessels and fine capillaries (Fig. 321) and, so, clearly delineated the boundaries of this extensive vascular network (Fig. 3b) . FN appeared On day 6, the ectoderm of the CAM was already to similarly outline the vascular bed of normal 6-day-old separated from underlying endoderm by a continuous CAMS a t the time of methylcellulose disk implantation subectodermal vascular plexus (Fig. la) . This vascular (not shown). However, treatment of CAMS with angiobed continued to develop over the following 48 h, so that static steroid-heparin combinations resulted in capillary in normal 8-day-old CAM, an extensive system of fine drop-out and progressive loss of the dense lattice of FN capillaries could he seen (Fig. lb) . The organization of staining from subectodermal regions (Fig. 3, c and d ). this capillary system was best seen within e n face paraffin Higher magnification views of paraffin sections demsections through the subectodermal region of the CAM, onstrated a spectrum of loss of FN in association with in which fine capillaries appeared to branch from larger capillary involution (Fig. 4) . While the entire capillary vessels within underlying mesoderm, arborizing directly bed of normal 8-day-old CAM was lined by BM contain-ing FN (Fig. 4, a and b) , treatment with angiostatic steroid-heparin combinations resulted in capillary RM dissolution and eventually complete disappearance of all small vessels (Fig. 4, c-f ). In regions of partial regression (i.e. along the zone's outer edge), FN was seen in discontinuous wispy forms extending out from retracted capillaries that appeared to be in the process of regressing, although it remained in a continuous distribution along larger vessels (Fig. 4, c and d) . As indicated by the observed increased intercapillary distances, the finest capillaries appeared to be lost first. It is important to note that isolated regions of FN staining were also seen in association with rounded endothelial cells within intercapillary spaces (Fig. 4, c and d) . In central portions of avascular zones, FN was lost in parallel with progressive disappearance of more extensive regions of the capillary network (Fig. 4, e and f) . Total loss of capillary HM and subectodermal FN staining were observed in completely avascular regions, even though the integrity of nearby large vessel BM was retained (Fig. 3, c and d) .
The specificity of the effects of angiostatic steroid and heparin for capillary BM was best seen within frozen sections of the CAM in which BM of both the capillary bed and overlying ectoderm were cut in cross-section. For instance, in frozen semithin cross-sections of normal 8-day-old CAM, LM (an ubiquitous RM component) appeared within BM underlying ectoderm and surrounding adjacent capillaries (Fig. 5, a and b) . However, while treatment of CAM with angiostatic steroid-heparin combinations resulted in capillary BM breakdown and loss of associated LM, LM remained in a continuous linear form within adjacent ectodermal BM (Fig. 5, c and d) .
Discussion
These experiments show that one effect of angiostatic steroids is to specifically alter capillary BM turnover when administered with heparin, Our data suggest that capillary BM breakdown was not due to a general nonspecific release of proteolytic activity (e.g. after cell injury), since BM of ectoderm and large vessel endothelium --..-CAM (a) directly above the dense subectodermal capillary plexus. This capillary system continued to grow and extend over the next 2 days, so that the entire surface of normal 8-day-old CAM (b) was always lined by a continuous capillary network. On the other hand, 48-h exposure , of 6-day-old CAM to U-42129 (50 pg) and heparin (50 pg) produced an avascular zone that was free of capillaries and small vessels (c). The center of the avascular zone was completely free of India ink-filled capillaries, while larger vessels within the underlying mesoderm remained intact, The edge of each zone contained regions in which vessels had only partially regressed and exhibited an abnormally sparse India ink pattern due to increased intercapillary distances. The central portion of the zone contains the semiopaque methylcellulose disk. (1% and b) and angiostatic steroid-treated (c) CAM Histological en fuce sections through normal 8-day-old CAM and injected with Indin ink. Metllylcellulose disks contt~ining steroid and through the center and border regions of steroid-treated CAM are heparin coml)in:itions were npplietl to the surface of rior~nal 6-day-old shown in Fig. 2. 14'1~. only microns away were unaffected. The steroid-heparin combination may have interfered with the production (or action) of endogenous protease and collagenase inhibitors (e.g. tissue in1lilr)itor of metalloproteinases) (1 1 ). Alternatively, angiostatic steroids could directly affect endothelial RM metabolism when administered with heparin (i.u. decrease RM synthesis or increase degradation by endothelial cells locally). Steroid and heparin could also indirectly influence endothelial HM turnover by altering the metabolisni of interstitial collagens which may normally serve to support accumulation of intact BM (12). Dit't'erent steroicls have been shown to modulate the activity of interstitial and HM collagenases (11, 13, 14) as well as production of their inhibitors (I 1) in olher tissues, although the specificity of angiostatic steroids for growing capillaries is unparalleled. It would be interesting if the previously observed effects of glucocorticoids on extracellular matrix metabolism (1 1, 13, 14) and vascular integrity (15) are also due to distinct configurations of the steroid molecule which are separate from those responsible for the effects of corticosteroids on glucose metabolism, These effects also could be the result of production of active steroid metabolites (e.g. angiostatic steroid-like molecules).
FIG. I. Normal
The mechanism by which only NM associaired with growing capillaries breaks down, leaving BM of neighboring epithelium and large vessels intact, is not obvious. In normal CAM, the suhectodermal capillary bed undergoes rapid extension in association with continuous RM accumtxlation. Yet, various angiogenic factors also stimulate production of proteases and collagenases hy capillary endothelia (16, 17) . Growth and migration of endothelial cells in vitro are similarly associated with both deposition and degradation of BM components (17, 18) .
These observations suggest that normal capillary growth and associated tissue remodeling most likely require high rates of BM turnover. In contrast, adjacent tissues that do not undergo regression may be relatively more static or formalized structures. At this point in development, BM of large vessels always exhibits greater amounts of FN stairling than that of capillaries, while ectoderm BM possesses more IJM and type IV collagen (our unpublished ol~servation). Moreover, angiostatic steroids do not cause capillary regression when applied to older CAMS that, as previo~sly shown (19) , contain nongrowing capillaries. Older capillaries in the (',AM are surrounded by a more complete RM (e.g. containing increased amounts of JIM and type IV collagen). Therefore, HM of growing capillaries may be more sensitive to pharmacological perturbation than BM which surrounds
